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PERMANENT-MAGNET SYNCHRONOUS MOTOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a permanent-magnet synchronous 
motor in which permanent field magnets are provided in a rotor. 

2. Description of the Related Art 

Generally, concentrated-winding permanent-magnet synchronous 
motors are constructed such that 3n teeth of a stator core are disposed at a 
uniform pitch where n is a positive integer, a stator coil is formed by 
Y-connecting three phases of coil each wound independently onto the teeth, 
and 2n permanent magnets are disposed so as to face the stator core. In 
other words, concentrated-winding permanent-magnet synchronous motors 
have a 2n-pole permanent magnetic field disposed relative to 3n teeth. 

Because a concentrated winding method is adopted in conventional 
permanent-magnet synchronous motors constructed in this manner, 
inductance is increased by adjacent teeth forming opposite poles, 
facilitating the action of demagnetizing fields on the permanent magnets. 
Thus, with the magnetic poles generated by the stator coil and the 
magnetic poles of the permanent magnets opposing each other, one problem 
has been that portions of the magnetic fields generated by the stator coil 
enter the permanent magnets and act on the permanent magnets as 
demagnetizing fields, demagnetizing the permanent magnets. 

In order to overcome problems of this kind, a permanent-magnet 
synchronous motors has been proposed as an improvement in Japanese 
Patent No. 3076006, for example, in which a space between the teeth is 
reduced to allow magnetic fields generated by the stator coil to flow to 
adjacent teeth instead of entering the permanent magnets. 

In this conventional permanent-magnet synchronous motor 
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proposed as an improvement in Japanese Patent No. 3076006, a space (La) 
between an adjacent pair of tooth tip portions and an air gap (Lg) between 
a stator core and a rotor, are constructed so as to satisfy an expression 0.3 
Lg < La < 2.0 Lg. Furthermore, the space between the teeth (La) is set 
between 0.3 mm and 0.4 mm. 

Because the space (La) between the adjacent pair of tooth tip 
portions is equal to or less than 2.0 times the air gap (Lg), the flow of 
demagnetizing magnetic flux to the rotor (the permanent magnets) can be 
suppressed. As a result, it is claimed that even if the magnetic poles 
generated by the stator coil and the magnetic poles of the permanent 
magnets oppose each other, demagnetizing fields are less likely to act on 
the permanent magnets, enabling improvement in the strength of the 
permanent magnets against demagnetization. 

Because the space between the adjacent pair of tooth tip portions in 
the conventional concentrated-winding permanent-magnet synchronous 
motor proposed as an improvement, as explained above, is constructed so 
as to be narrow, magnetic flux leakage between the teeth is increased, 
increasing inductance in the stator coil. The increase in inductance in the 
stator coil gives rise to an increase in a time constant of the stator coil, 
increasing a phase difference between a drive voltage applied to the stator 
coil and a driving current that actually flows through the stator coil. As a 
result, there have been problems of deterioration in the heavy load 
characteristics wherein surplus voltage during heavy loads is reduced, 
lowering the rotational frequency. 
SUMMARY OF THE INVENTION 

The present invention aims to solve the above problems and an 
object of the present invention is to provide a permanent-magnet 
synchronous motor eliminating a deterioration in heavy load 
characteristics resulting from a slot opening being made narrow in a 
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permanent-magnet synchronous motor previously proposed as an 
improvement by prescribing a relationship between the slot opening and a 
slot pitch, or a relationship between the slot opening and a thickness of 
first and second circumferential end portions on inner circumferential ends 
of teeth to solve problems of a concentrated winding method wherein 
inductance is increased by adjacent teeth forming opposite poles. 

According to one aspect of the present invention, there is provided a 
permanent-magnet synchronous motor including a stator and a rotor. The 
stator is composed of a cylindrical stator core in which 3n teeth are 
disposed at a predetermined pitch in a circumferential direction where n is 
a positive integer, slots being formed between adjacent pairs of the teeth so 
as to open onto an inner circumferential side; and stator coil installed as a 
concentrated winding in the stator core. The rotor is rotatably disposed 
inside the stator, 2n permanent magnets being disposed at a predetermined 
pitch in a circumferential direction on an outer peripheral portion of the 
rotor. The permanent-magnet synchronous motor is characterized in that 
the stator core is constructed such that a slot opening (d) and a slot pitch 
(p) at an inner circumferential surface of the stator core satisfy an 
expression 0.1 < d/p < 0.3. 

Therefore, inductance is reduced, thereby providing a compact 
concentrated-winding permanent-magnet synchronous motor enabling 
rotational frequency during heavy loads to be improved, and also enabling 
motor output to be improved. 

According to another aspect of the present invention, there is 
provided a permanent-magnet synchronous motor including a stator and a 
rotor. The stator is composed of a cylindrical stator core in which 3n teeth 
are disposed at a predetermined pitch in a circumferential direction where 
n is a positive integer, slots being formed between adjacent pairs of the 
teeth so as to open onto an inner circumferential side; and stator coil 
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installed as a concentrated winding in the stator core. The rotor is 
rotatably disposed inside the stator, 2n permanent magnets being disposed 
at a predetermined pitch in a circumferential direction on an outer 
peripheral portion of the rotor. The permanent-magnet synchronous 
motor is characterized in that the stator core is constructed such that a slot 
opening (d) and a thickness (h) of first and second circumferential end 
portions on an inner circumferential end of the teeth satisfy an expression 
0.2<h/d<0.7. 

Therefore, inductance is reduced, thereby providing a compact 
concentrated-winding permanent-magnet synchronous motor enabling 
rotational frequency during heavy loads to be improved, and also enabling 
motor output to be improved. 

According to yet another aspect of the present invention, there is 
provided a permanent-magnet synchronous motor including a stator and a 
rotor. The stator is composed of a cylindrical stator core in which 3n teeth 
are disposed at a predetermined pitch in a circumferential direction where 
n is a positive integer, slots being formed between adjacent pairs of the 
teeth so as to open onto an inner circumferential side; and stator coil 
installed as a concentrated winding in the stator core. The rotor is 
rotatably disposed inside the stator, 2n permanent magnets being disposed 
at a predetermined pitch in a circumferential direction on an outer 
peripheral portion of the rotor. The permanent-magnet synchronous 
motor is characterized in that the stator core is constructed such that a slot 
opening (d), a slot pitch (p) at an inner circumferential surface of the stator 
core, and a thickness (h) of first and second circumferential end portions on 
an inner circumferential end of the teeth satisfy an expression 0.1 < d/p < 
0.3 and an expression 0.2 < h/d < 0.7. 

Therefore, inductance is reduced, thereby providing a compact 
concentrated-winding permanent-magnet synchronous motor enabling 
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rotational frequency during heavy loads to be improved, and also enabling 

motor output to be improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross section showing a permanent-magnet 
synchronous motor according to Embodiment 1 of the present invention; 

Figure 2 is an enlarged cross section showing part of the 
permanent-magnet synchronous motor according to Embodiment 1 of the 
present invention; 

Figure 3 is a graph showing a relationship between a ratio of slot 
opening d to slot pitch p and an inductance ratio in the permanent-magnet 
synchronous motor according to Embodiment 1 of the present invention; 

Figure 4 is a graph showing a relationship between the ratio of slot 
opening d to slot pitch p and a rotational frequency ratio in the 
permanent-magnet synchronous motor according to Embodiment 1 of the 
present invention; 

Figure 5 is a graph showing a relationship between the ratio of slot 
opening d to slot pitch p and a torque ratio in the permanent-magnet 
synchronous motor according to Embodiment 1 of the present invention; 

Figure 6 is a graph showing a relationship between a ratio of tooth 
end portion thickness h to slot opening d and a torque ratio in the 
permanent-magnet synchronous motor according to Embodiment 2 of the 
present invention; 

Figure 7 is a graph showing a relationship between the ratio of 
tooth end portion thickness h to slot opening d and a rotational frequency 
ratio in the permanent-magnet synchronous motor according to 
Embodiment 2 of the present invention; and 

Figure 8 is a graph showing a relationship between the ratio of 
tooth end portion thickness h to slot opening d and an inductance ratio in 
the permanent-magnet synchronous motor according to Embodiment 2 of 
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the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments of the present invention will now be 
explained with reference to the drawings. 
Embodiment 1 

Figure 1 is a cross section showing a permanent-magnet 
synchronous motor according to Embodiment 1 of the present invention, 
and Figure 2 is an enlarged cross section showing part of the 
permanent-magnet synchronous motor according to Embodiment 1 of the 
present invention. 

In the figures, a concentrated-winding permanent-magnet 
synchronous motor 1 is constituted by- a stator 21 and a rotor 8 rotatably 
disposed inside the stator 2. 

The stator 2 is constituted by: a cylindrical stator core 3 having 
core portions 4 corresponding in number to a number of slots 5; and a 
stator coil 6 installed in the stator core 3. 

Each of the core portions 4 is constructed by laminating and 
integrating a predetermined number of sheets of a magnetic material such 
as a silicon steel sheet, for example. Teeth 4a formed on the core portions 
4 are arranged at a uniform angular pitch in a circumferential direction, 
the slots 5 of the stator core 3 being formed between adjacent pairs of the 
teeth 4a so as to open onto an inner circumferential side. Flange portions 
4b are disposed so as to extend in first and second circumferential 
directions from an inner circumferential end of each of the teeth 4a. 

The stator coil 6 is constructed by Y connecting three phases of coil 
7 each formed by winding a coil wire independently onto the teeth 4a of 
each of the core portions 4 on which insulators (not shown) are disposed. 
In other words, the stator coil 6 is installed in the stator core 3 as a 
concentrated winding. 
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The rotor 8 is constituted by: a shaft 9 functioning as a rotor core 
made of a magnetic material such as iron, for example; and permanent 
magnets 10 fixed to outer peripheral portions of the shaft 9. Although not 
shown, strength against centrifugal forces is ensured by fitting a stainless 
thin-sheet cylinder onto an outer periphery of the rotor 8, or winding a 
reinforcing tape onto the outer periphery of the rotor 8. Furthermore, 
rare-earth magnets or ferrite magnets are used for the permanent magnets 
10. 

In Embodiment 1, the number of pole pairs n is 3, nine (3n) teeth 4a 
being arranged at a uniform angular pitch in a circumferential direction, 
and six (2n) permanent magnets 10 being arranged at a uniform angular 
pitch in a circumferential direction on an outer peripheral wall surface of 
the shaft 9. In other words, this concentrated-winding permanent-magnet 
synchronous motor 1 is a 3-slot-per-2 pole motor, in which the ratio 
between the number of slots in the stator 2 and the number of poles in the 
rotor 8 is 3 : 2. The concentrated- winding permanent-magnet 
synchronous motor 1 is constructed so as to function as a motor in which 
the rotor 8 rotates by passing through the stator coil 6 a driving current 
that is adjusted according to the rotational position of the rotor 8. 

As shown in Figure 2, dimensions of the concentrated- winding 
permanent-magnet synchronous motor 1 are set such that 0.1 < d/p < 0.3, 
where d is a slot opening of the stator core 3 and p is a slot pitch at an 
inner circumferential surface 3 a of the stator core 3. Moreover, the slot 
pitch p is expressed by p = 2nR/S, where 2R is an inside diameter of the 
stator core 3 and S is the number of slots 5. The slot opening d is a gap 
between the flange portions 4b (a gap between edges of the inner 
circumferential ends of an adjacent pair of teeth 4a). Furthermore, a 
thickness h of end portions of the flange portions 4b (first and second 
circumferential edge portions on the inner circumferential ends of the teeth 
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4a) is 1.0 mm. 

Now, results are shown in Figures 3, 4, and 5 in which an 
inductance ratio (percent), a rotational frequency ratio (percent), and a 
torque ratio (percent) were measured in the concentrated- win ding 
permanent-magnet synchronous motor 1 constructed in this manner while 
d was varied with p fixed at 16.5 mm. 

From Figure 3, it can be seen that when d/p is less than 0.1 (d/p < 
0.1), the inductance ratio drops rapidly as d/p increases, and when d/p 
exceeds 0.1, the drop in the inductance ratio is small. When d/p is equal 
to or greater than 0.1 (0.1 < d/p), the inductance ratio is kept to a low level. 

From Figure 4, it can be seen that when d/p is less than 0.1 (d/p < 
0.1), the rotational frequency ratio increases rapidly as d/p increases, and 
when d/p exceeds 0.1, the increase in the rotational frequency ratio is small. 
When d/p is equal to or greater than 0.1 (0.1 < d/p), the rotational 
frequency ratio is kept to a high level. 

Thus, because changes in the characteristics of the motor due to 
irregularities in the inductance ratio and the rotational frequency ratio 
become large when d/p is set in the region in which the changes in the 
inductance ratio and the rotational frequency ratio are large (d/p < 0.1), 
making the performance of the product unstable, it is desirable for d/p to be 
equal to or greater than 0.1 (0.1 < d/p). 

From Figure 5, it can be seen that when d/p is equal to or less than 
0.3 (d/p < 0.3), the torque ratio decreases gradually as d/p increases, and 
when d/p exceeds 0.3, the torque ratio decreases rapidly. When d/p is 
equal to or less than 0.3 (d/p < 0.3), the torque ratio is kept to a high level. 

Thus, because changes in the characteristics of the motor due to 
irregularities in the torque ratio become large when d/p is set in the region 
in which the changes in the torque ratio are large (0.3 < d/p), making the 
performance of the product unstable, it is desirable for d/p to be equal to or 
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less than 0.3 (d/p < 0.3). 

Thus, if the relationship between the slot opening d and the slot 
pitch p in the stator core 3 is set so as to satisfy the expression 0.1 < d/p < 
0.3, problems with the concentrated winding method such as inductance 
being increased by adjacent teeth forming opposite poles are solved, and 
deterioration in heavy load characteristics resulting from making the slot 
openings narrow is eliminated, thereby providing a motor in which torque 
reduction is small, inductance is reduced, and rotational frequency is high. 
Because the torque reduction is small compared to the improvement in 
rotational frequency, output from the motor can be improved. In addition, 
the size of a motor can be reduced without reducing output, enabling it to 
be made more compact. 

Moreover, similar effects to those in Embodiment 1 above were also 
achieved when the slot pitch p was changed 16.5 mm) and the 
relationship between d/p and the inductance ratio, the relationship 
between d/p and the rotational frequency ratio, and the relationship 
between d/p and the torque ratio were measured. 
Embodiment 2 

In Embodiment 2, dimensions of the concentrated-winding 
permanent-magnet synchronous motor 1 according to Embodiment 1 above 
are set such that 0.2 < h/d < 0.7, where d is a slot opening of the stator core 
3 and h is a thickness of an end portion of the flange portions 4b. 

Now, results are shown in Figures 6, 7, and 8 in which the torque 
ratio (percent), the rotational frequency ratio (percent), and the inductance 
ratio (percent) were measured in a stator core 3 in which the slot pitch p at 
the inner circumferential surfaces 3a of the stator core 3 was 16.5 mm and 
the slot opening d was 3.0 mm (d/p = 0.182), while h was varied. 

From Figure 6, it can be seen that when h/d is less than 0.2 (h/d < 
0.2), the torque ratio increases rapidly as h/d increases, and when h/d 
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exceeds 0.2, the increase in the torque ratio is small. When h/d is equal to 
or greater than 0.2 (0.2 < h/d), the torque ratio is kept to a high level. 

Thus, because changes in the characteristics of the motor due to 
irregularities in the torque ratio become large when h/d is set in the region 
in which the changes in the torque ratio are large (h/d < 0.2), making the 
performance of the product unstable, it is desirable for h/d to be equal to or 
greater than 0.2 (0.2 < h/d). 

From Figure 7, it can be seen that when h/d is equal to or less than 
0.7 (h/d < 0.7), the rotational frequency ratio decreases gradually as h/d 
increases, and when h/d exceeds 0.7, the rotational frequency ratio 
decreases rapidly. When h/d is equal to or less than 0.7 (h/d < 0.7), the 
rotational frequency ratio is kept to a high level. 

Thus, because changes in the characteristics of the motor due to 
irregularities in the rotational frequency ratio become large when h/d is set 
in the region in which the changes in the rotational frequency ratio are 
large (0.7 < h/d), making the performance of the product unstable, it is 
desirable for h/d to be equal to or less than 0.7 (h/d < 0.7). 

From Figure 8, it can be seen that the inductance ratio increases as 
h/d increases. If the inductance ratio is large, the time constant of the coil 
is increased, increasing a phase difference between a drive voltage applied 
to the coil and a driving current that actually flows through the coil. As a 
result, surplus voltage during heavy loads is reduced, lowering the 
rotational frequency. Furthermore, if the inductance ratio is too small, in 
other words, if h is reduced by too much, the teeth become magnetically 
saturated, giving rise to torque reduction. 

Thus, if the relationship between the thickness h of the end portion 
of the flange portions 4b of the teeth 4a and the slot opening d in the stator 
core 3 is set so as to satisfy the expression 0.2 < h/d < 0.7, problems with 
the concentrated winding method such as inductance being increased by 
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adjacent teeth forming opposite poles are solved, and deterioration in 
heavy load characteristics resulting from making the slot openings narrow 
is eliminated, thereby providing a motor in which torque reduction is small, 
inductance is reduced, and rotational frequency is high. Because the 
torque reduction is small compared to the improvement in rotational 
frequency, output from the motor can be improved. In addition, the size of 
a motor can be reduced without reducing output, enabling it to be made 
more compact. 

Moreover, similar effects to those in Embodiment 2 above were also 
achieved when the slot opening d was changed & 3.0 mm) and the 
relationship between h/d and the torque ratio, the relationship between h/d 
and the rotational frequency ratio, and the relationship between h/d and 
the inductance ratio were measured. 
Embodiment 3 

In Embodiment 3, the concentrated-winding permanent-magnet 
synchronous motor 1 according to Embodiment 1 above is constructed such 
that the relationship between the slot opening (d) and the slot pitch (p) and 
the relationship between the slot opening (d) and the thickness (h) of the 
end portion of the flange portions 4b in the stator core 3 satisfy the 
expression 0.1 < d/p < 0.3 and the expression 0.2 < h/d < 0.7, respectively. 

Consequently, according to Embodiment 3, a synergistic 
combination of the effects of Embodiments 1 and 2 above can be achieved. 

Moreover, each of the above embodiments has been explained with 
reference to a concentrated-winding permanent-magnet synchronous motor 
in which the number of magnetic poles in the rotor 8 is six and the number 
of slots is nine, but it is only necessary for the present invention to be 
applied to a 3-slot per-2 pole concentrated-winding permanent-magnet 
synchronous motor, and for example, similar effects can also be achieved if 
the present invention is applied to a concentrated-winding 
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permanent-magnet synchronous motor in which the number of magnetic 
poles in the rotor 8 is eight and the number of slots is twelve. 

In each of the above embodiments, the construction of the stator 
core 3 is explained as having a plurality of core portions 4, but the stator 
core 3 is not limited to this construction, and for example, a stator core 
prepared by punching annular bodies having teeth and slots out of a thin 
sheet of magnetic material and laminating and integrating the annular 
bodies, or a stator core prepared by punching a strip -shaped body having 
teeth and slots out of a strip -shaped thin sheet of magnetic material and 
winding the strip-shaped body into a helical shape and integrating it, can 
be used. 

In each of the above embodiments, the rotor 8 is constituted by a 
shaft 9 made of a magnetic material and permanent magnets 10 fixed to 
outer peripheral portions of the shaft 9, but the rotor is not limited to this 
construction and a rotor may also be used in which permanent magnets are 
fixed to an outer periphery of a cylindrical rotor core composed of a 
magnetic material, a shaft being passed through and fixed to a central 
axial portion of the rotor core. In that case, it is not necessary for the 
shaft to be made of a magnetic material. 

Uses of the concentrated-winding permanent-magnet synchronous 
motor according the present invention will now be explained. 

First, the concentrated-winding permanent-magnet synchronous 
motor according the present invention can be applied to a 
rectangular- wave- driven motor driven by applying a rectangular- wave 
driving voltage to a stator coil. 

Generally, a phase difference a arising between the driving voltage 
applied to the stator coil and the driving current which actually flows 
through the stator coil is given by the following expression: 

a = tan M(coLI) / (e + RI)}, 
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where co is the frequency of the driving current (= 2nf), L is the inductance, 
I is the driving current, e is the motor induced voltage, and R is the coil 
resistance. 

From the above expression, the phase difference a increases as the 
frequency rises. 

A rectangular wave can be considered to be a combination of sine 
waves including higher-order frequency components. Thus, when the 
present invention is applied to a rectangular-wave-driven motor in which 
the driving current includes a large portion of high order components 
having a high frequency, deterioration in heavy-load characteristics 
resulting from the phase difference a being large can be suppressed 
because the phase difference a can be reduced due to the 
inductance-reducing effects of the concentrated-winding 
permanent-magnet synchronous motor according to the present invention. 
In other words, if the concentrated-winding permanent- magnet 
synchronous motor according to the present invention is applied to a 
rectangular-wave-driven motor, the inductance-reducing effects of the 
present invention are exhibited even more clearly. 

Next, considering the motor characteristics of concentrated-winding 
permanent-magnet synchronous motors, generally, if the slot openings are 
small, cogging torque in the motor is reduced, increasing the torque 
generated by the motor (the torque constant of the motor). However, if the 
slot openings are made smaller, magnetic flux leakage between adjacent 
teeth is increased, increasing inductance in the coils. Then, if the 
inductance in the coils is increased, the time constant of the coil increases, 
increasing the phase difference between the driving voltage applied to the 
coils and the driving current that actually flows through the coils. As a 
result, surplus voltage during heavy loads is reduced, lowering the 
rotational frequency. 
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Thus, since the motor characteristics during heavy loads 
deteriorate if the slot openings are reduced too much, making the slot 
openings larger by a certain amount is effective for applications where 
cogging torque is not a problem. 

Thus, these effects are exhibited clearly if the concentrated-winding 
permanent-magnet synchronous motor according the present invention is 
applied to applications where cogging torque is not a problem. 

The concentrated-winding permanent-magnet synchronous motor 
according the present invention can be applied, for example, to hydraulic 
pump driving motors, in which cogging torque is not considered to be a 
problem. Examples of hydraulic pumps of this kind include hydraulic 
pumps for power-steering apparatuses in automotive vehicles, for example. 
In such cases, the concentrated-winding permanent-magnet synchronous 
motor according the present invention is suitable for automotive use 
because of its reduced size. 

The concentrated-winding permanent-magnet synchronous motor 
according the present invention can also be applied to electric 
power-steering apparatus motors. Again, the concentrated-winding 
permanent-magnet synchronous motor according the present invention is 
suitable for automotive use because of its reduced size. In such cases, the 
concentrated-winding permanent-magnet synchronous motor according to 
the present invention is applied by performing a process such as damping, 
etc., to alleviate the influence of cogging torque. 
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